Halicarcinus cookii is a small intertidal New Zealand crab that has high levels of ovigerous females in all months. Continuous breeding requires continuous mating. Mating is not linked to moulting because the pubertal moult is terminal. Spermathecal fullness is modelled in terms of the difference between the rates of copulation and rates of brood production. It is estimated that females can fill their spermathecae with sperm after 3-4 copulations (depending on male size) and that approximately 15% of an ejaculate is used to fertilize each brood. Given the fact that females have multiple partners we asked the question: is it worthwhile for males to spend any time mate guarding? Using sterile males we showed that the majority of each brood is sired by the last male to mate. In females prevented from mating again, more of each successive brood is likely to be sired by earlier males who had mated with the female. This suggests that over periods exceeding one brood cycle (i.e., months) sperm slowly becomes mixed. Therefore, it is worthwhile for male H. cookii to invest time in guarding female partners.
INTRODUCTION
All brachyurans can store sperm for relatively long periods of time (often over successive moults, breeding cycles, or even years) so that the sperm from one male is likely to encounter viable sperm from previous mates inside the females seminal receptacle resulting in potentially high levels of sperm competition (Diesel, 1991) . In crabs, sperm competition normally takes the form of sperm displacement from the site of fertilization (Rorandelli et al., 2008) . Brachyuran spermathecae can be divided into two groups according to their position relative to the oviduct. The proximity of the oviduct to the vagina influence which sperm is used to fertilize the eggs. Species with dorsal-type spermathecae, such as the portunids Carcinus maenas (Linnaeus, 1758) and Callinectes sapidus Rathbun, 1896 (Diesel, 1990 (Diesel, , 1991 , tend to use the oldest sperm (sperm from the first male to mate) first, whereas species with ventral-type spermathecae, such as the spider crabs Chionoecetes opilio (Fabricius, 1788) (Beninger et al., 1988) , Inachus phalangium (Fabricius, 1775) (Diesel, 1989) , and Cancer magister (Dana, 1852) (Jensen et al., 1996) as well as species in the Calappidae, Geryonidae, Leucosiidae and Corystidae (Diesel, 1991) , use the sperm closest to the entrance (sperm from the last male to mate) to fertilize the eggs first (Diesel, 1991) . Sperm storage, viability and competition have been investigated in various species including Metopograpsus messor (Forskål, 1775) (Anilkumar et al., 1999) , C. opilio (Beninger et al., 1988) , Menippe mercenaria (Say, 1818) (Cheung, 1968) and Callinectes sapidus (Jivoff, 2003) . All of these are relatively large, long lived crabs, which show seasonal breeding and may well survive to breed in more than one breeding season (year).
The importance of sperm competition depends upon what measures males take to control female mating and sperm storage. Copulatory mate guarding by males can restrict access to females while inside the spermathecae males can use seminal fluid to seal off rival sperm or sperm plugs to block the gonopore entrance (Diesel, 1990) . All of these tactics are aimed at minimizing sperm mixing that could dilute a male's sperm. Sperm layering occurs in Inachus phalangium (Diesel, 1991) and Chionoecetes opilio (SainteMarie and Sainte-Marie, 1999) preventing sperm mixing. The sterile male technique, in which irradiated males are mated to females and then the number of infertile eggs counted, has been used by Koga et al. (1993) to investigate paternity in the ocypodid, Scopimera globosa (De Haan, 1835) . The same technique was earlier used by Snedden (1990) to study sperm competition in Orconectes rusticus (Girard, 1852) . In the present study we used sterilized male Halicarcinus cookii Filhol, 1885 (Hymenosomatidae) in an attempt to measure sperm mixing and paternity.
Hymenosomatids are a family of around 100 species of small, somewhat delicate crabs, from the Indo-West Pacific (Melrose, 1975; Lucas, 1980; Chuang and Ng, 1994; Ng and Chuang, 1996) . They have small broods and are unusual in lacking a megalopa stage in their life cycle. Both males and females may reach sexual maturity and be capable of mating before the pubertal moult. They are able to store the spherical to ovoid sperm in the spermathecae, which are enlarged regions of the genital duct between the vagina and the oviduct, and fertilize many broods from a single copulation (Lucas, 1980) , suggesting that there is a potential for male-male competition (including sperm competition) which may influence male behaviour and lead to greater dimorphism of secondary sexual characters. Hymenosomatid females have some remarkable adaptations to protect the small number of embryos that they carry: the abdomen totally encloses the pleonal sternal (brood) cavity and branchiosternal canals connect the brood cavity with the branchial chambers so that the embryos are irrigated by water from the branchial flow, similar to the brood protection provided by leucosiid females.
In contrast to the commonly studied larger crabs, species of Halicarcinus White, 1846 at Kaikoura, New Zealand rarely grow more than 15 mm CW and constitute populations in which there is a high level of turnover of short-lived individuals. Populations of H. cookii (van den Brink, 2006) , H. varius (Dana, 1851) (Hosie, 2004) and H. innominatus Richardson, 1849 (Dunnington, 1999 at Kaikoura have breeding and recruitment throughout the year, although the highest levels of ovigerous females occurs in summer (December-February), but cohorts are not evident. Further evidence of the continuity of breeding is the fact that ovigerous females carry early and late stage broods year-round so that there is no brood synchrony in the population. Therefore the pace of reproduction in these hymenosomatids is frenetic compared to larger crabs. Casual observations suggest that in H. innominatus the spermathecae can make up more than 25% of female body weight (Rudi Diesel, personal communication) .
Halicarcinus cookii is a small (max CW 13 mm) shallow water crab endemic to New Zealand. Both males and females have determinate growth with the pubertal moult being terminal. The terminal/pubertal moult is advantageous in that mature individuals are able to produce offspring continuously, but the penalty is that the number of offspring produced per brood is limited, due to small female body size, and remains roughly the same throughout her lifetime. Mating is not linked to moulting. There is little evidence of a discrete mating season and high proportions of ovigerous females produce successive broods throughout the year. Thus continuous mating, in the hard-shelled condition, is necessary to maintain the sperm supply necessary to fertilize the eggs (van den Brink, 2006) . We used the following model of sperm dynamics in the female spermathecae: SF ¼ ðEJ 3 NCÞ À ðNB 3 SPÞ Where SF ¼ spermatheca fullness expressed as a percentage of maximum capacity, EJ ¼ ejaculate volume, NC ¼ number of copulations, NB ¼ number of broods and SP ¼ volume of sperm used to fertilize each brood. We attempt to explain seasonal variation in SF using this model.?
The questions that we attempt to answer are: How much sperm mixing occurs? Is it better to be the first or the last male to mate with the female? In a population where females are ovigerous almost all the time and mating is continuous, is it worthwhile for males to invest any time at all in mate guarding?
MATERIALS AND METHODS

Sperm Supply
Seasonal variation in mating frequency was estimated by measuring spermathecal fullness monthly from October 2004 (Spring) to December 2005 (Summer) and ejaculate size. All female crabs found during 90 min intertidal searches on two consecutive days at Atia Point and First Bay, Kaikoura, New Zealand were collected. Spermathecal fullness of both spermathecae was estimated visually using a binocular microscope to look through the transparent sternum when the brood chamber was exposed by holding open the abdomen. Females were recorded as 0, 10, 25, 50, 75 or 100% full.
To investigate the number of times a female must mate to fill the spermathecae, 20 females were selected and their carapace measured. A digital photograph of the spermathecae was initially taken through a dissection microscope before the female was placed with a male of known carapace width in a 2 L container of seawater and monitored for mating. After successfully mating, a second digital photograph of the spermathecae was taken and so on for subsequent matings. Photographs were analysed and compared using ''ImageJ 1.33u''. Size scales were set as evenly as possible for all photographs of a single female to ensure accurate comparison between photographs. Each individual spermatheca was outlined using a freehand selection option and the area was calculated. The area was outlined and measured at least ten times to allow for variance in freehand drawing. The mean area was added to that of the opposite spermatheca to produce an estimate of the area encompassed by the spermathecae. The percentage increase in area over successive photographs was produced using the formula:
where B is the estimate of spermathecae area before copulation and A is the estimate of spermathecae area after copulation.
Sperm Use
Twenty females mostly with spermathecae estimated to be 100% full, were selected and kept for 24 h with a selection of males (n ; 10) to provide opportunity to fill their spermathecae. The females were then isolated from males and kept in a separate tank for the remainder of the experiment. Females were tagged with commercial bee tags attached with super glue to their carapace. This allowed individual crabs to be monitored through each brood cycle. Every 3 or 4 days the brood stage of each crab was recorded. Eggs were not removed and counted in an attempt to avoid the extremely high mortality, potentially due to the stress of egg removal, experienced by Hosie (2004) . Nevertheless there was some mortality, but there were still at least 14 crabs remaining. Prior to the experiment, a digital photograph of the spermathecae of each individual female was taken through a dissection microscope. After each female had laid a new brood another digital photograph of the spermathecae was taken to compare with the photographs taken during previous broods. This allowed a direct photographic comparison of sperm use and decrease in spermathecae area. A control experiment was also conducted for comparison, using the methods described above, but with a male constantly present in the holding tanks.
Sperm Storage
In theory, the sterile male method should be able to measure sperm mixing by measuring the proportion of the brood that does not develop. This is a surrogate for sperm mixing so that in the case of total mixing, the expected proportion of eggs fertilized is the proportion of the spermathecal contents provided by each male: for random mixing of the sperm of two males the expected value is 50%. However there are some limitations to this method because, as shown by the present study, eggs fertilized by the sterile male are easily lost from the brood chamber. Most of the ones left are going to be those fertilized by the other males because they stick to the pleopods. So it can be difficult to estimate what the total number of eggs was in the first place so that the proportion fertilized by the sterile male can be estimated.
To investigate sperm mixing and sperm priority in the spermathecae, 12 male crabs of various sizes were selected for sterilization by irradiation. Each male was labelled with a commercial bee tag attached with super glue. These males were sterilized by exposure to gamma radiation, using 6 MV (mega volts) photons from a Varian 2100C/D linear accelerator (LINAC). The amount of MU (monitor units) required to deliver a dose of 40 Gy (gray, i.e., joules/kg) to the whole volume of water was calculated to be 1960 MU delivered from each beam using measured dose data based on the set-up conditions: A 25 3 25 cm field was used which was large enough to completely cover the whole container of crabs, a total depth of 8 cm of water was used, and this was centered at the isocentre. The LINAC was calibrated to deliver 1cGy per MU (centi-gray/monitor unit) to the dmax (the point that would receive the maximum dose from a beam) 100 cm from the source of the radiation conditions (isocentre) at a depth of 1.5 cm in water for 6 MV photons.
Irradiated crabs were transported back to the laboratory where they were allowed to mate with females. As crab sperm are immotile, spermatozoa from irradiated males were assumed to have equal opportunity with those from healthy males to meet up with the eggs, thus producing an infertile brood. Thirty bee tag labelled non-ovigerous females with little or no sperm stored in their spermathecae were selected. The females were then separated into three groups of differing mating sequences: Group A: Females only mated with an irradiated male (I-I) (control), B: Females mated with an irradiated male followed by a healthy male (I-N), and C: Females mated with a healthy male followed by an irradiated male (N-I). If there is no sperm mixing then Group B females should produce a normal brood of healthy eggs while Group C females should not produce any healthy eggs at all.
Females were then monitored until they produced their next brood of eggs. Soon after a brood was laid, it was carefully removed from the pleopods, counted and the proportion of unfertilized eggs recorded. During the dissections of females described above, the number of unfertilized eggs was recorded for 10 females to control for females who have only mated with healthy males (N-N). However, due to the high level of mortality caused by either stress or fatal injury during egg removal, this approach was abandoned for a simple observation of broods produced.
The eggs were initially allowed to begin developing before examination. Unfortunately, unfertilized eggs were lost from the pleopods within the first few days after being laid. However, there was a difference in colour between fertilized and unfertilized eggs. Unfertilized eggs were a much paler and duller orange compared to healthy, fertilized eggs. This was then used to distinguish between eggs fertilized by irradiated and healthy sperm.
Any mixing of sperm would be indicated by only the number of eggs remaining and developing in a single brood.
RESULTS
Spermathecae Filling
Halicarcinus cookii have ventral-type spermathecae ( Fig. 1) with the oviduct entering close to the vagina. As new sperm is added older sperm gets displaced dorsally further away from the oviduct. The spermathecae increased from 0% to 100% after only three or four copulations (Fig. 2) depending on male size. Fig. 3 shows that the smallest male (CW ¼ 8.4 mm) increased fullness by around 10% per copulation compared to the largest male tested (CW ¼ 10.4 mm) which increased fullness by around 75%. An average sized male (CW ¼ 9.5 mm, SE ¼ 0.18) could increase fullness by approximately 40%. For the 20 females tested, there was an average of 37.7% (SE ¼ 6.42, n ¼ 9) increase in spermathecae surface area after each copulation. Percentage increase of spermathecae surface area ranged from 9.3% (as the female's third copulation with a male with carapace width of 8.4 mm), to 73.44% (as the female's second copulation with a male of carapace width of 10.2 mm).
Sperm Use
Although crabs in the sperm use experiment were only checked every three or four days and eggs were not removed, there was high mortality of females. This was most likely due to the stress caused by the experiment, or could be simply due to the fact that the experiment was conducted at the end of the summer season (February) and the females were potentially facing the natural end of their life span. Out of the original 20 females, only three survived to produce a third brood. Nevertheless, photographs of spermathecae were still analysed, including those of females only producing a second brood. Most females had an initial spermathecal fullness around 100%. There was a mean of À22.7% (SE ¼ 2.09, n ¼ 14) change in visible spermathecae surface area after the production of a new brood, ranging from À11.3% to À41.0%.
Females in the control treatment had a negligible mean change in spermathecae surface area of 7.51% (SE ¼ 5.87, n ¼ 14). However, 50% of these females increased in spermathecae surface area over successive broods with a mean increase of 24.32%. The remaining 50% decreased in spermathecae surface area by a mean of À9.31%. There was a significant difference in percent change in spermathecae surface area between the control and the experiment (F 1,26 ¼ 23.5, P , 0.001).
After combining the results of the sperm supply and sperm use experiment, it was possible to make a first approximation estimate of the proportion of a single ejaculate that females use to fertilize a single brood. As egg numbers were not recorded in an attempt to avoid high mortality, brood size could not be used as a factor influencing the proportion of sperm used in fertilization. Nevertheless, there was a difference of 15% between percentage increase and percentage decrease (37.7-22.7%) of mean visible spermathecae surface area, which suggests that females use approximately 15% (SE ¼ 3.15) of the ejaculate of one male to fertilize a single brood. Therefore, if a female has a spermatheca fullness visual estimate of 100%, she could theoretically fertilize at least 6 broods before the sperm supply may become exhausted. Given an average brood cycle length of 20-30 days, this would mean that the female would take 120-180 days after the pubertal moult to completely exhaust her stored sperm. Females would appear to have more than adequate insurance against the chance that they would not encounter another mate.
Sperm Mixing
Of the eggs carried by females who had only mated with healthy males, a mean of 0.6% were unfertilized, ranging from 0.12% to 0.99% (Table 1) . This indicated that the number of unfertilized eggs generally carried by females is negligible. Females in group A (those who had mated only with irradiated males) produced completely unfertilized broods. These eggs were often coloured a much duller orange when compared to fertilized eggs, and were lost within four days. This indicated that the radiation to which the males were exposed resulted in complete sterilization of the males.
Eight females in group B (those who had mated with an irradiated and then a healthy male) initially produced what seemed to be (not counted so as to avoid damage to the female) a normal sized, fertilized brood. The other two produced a smaller than usual, but fertilized brood (see Fig. 4) . Six of the group B females produced a second brood during the experiment, all produced a normal sized brood initially, but within four days, the brood had reduced to approximately half its original size, but the eggs remaining were successfully fertilized. Two crabs were left with only about 20 fertilized eggs and one crab lost the entire brood. Three crabs produced a third brood during the experiment, but almost all eggs were lost save a few (50, 5 and 3 fertilized eggs in the three females).
Seven of the group C females (those who had mated with a healthy then an irradiated male) lost their entire first brood. Only three females had fertilized eggs in their first brood but only 13, 10 and 67 eggs were fertilized and remained attached to the pleopods in these females. Four group C females produced a second brood, two completely lost their eggs within four days, and the remaining two carried 30 and 10 fertilized eggs to hatching. Two group C females produced a third brood, both of normal size. After four days, one was left with only one fertilized egg, and the other was left with approximately 50% of the original brood (see Fig. 4 ).
The probability of females producing broods of mixed paternity is low, although we cannot make a precise estimate of what exactly it might be. Figure 5 shows that females carried sperm stores year round. Spermathecae were fullest (up to 75%) during autumnwinter months and again during the summer. Although there were some differences between years (2004-2005) the pattern was similar. In terms of our simple model, this pattern can be explained by changes in the rates of copulation and brood production. Superimposed on variations in spermatheca fullness are changes in abundance of mature females (Fig. 5) . During the colder months brood cycles are longer so that at average summer (December to February) temperatures (188C) the incubation period is around 15 d, but at average winter (June to August) temperatures (88C) the incubation period is around 50 d, more than 3 times longer (van den Brink, 2006) . Thus there are two factors at work (or in combination): in winter there are fewer broods produced and therefore less sperm used, but there are also fewer mature females to be mated by the males. There was no seasonal pattern of changes to monthly mean CW for either males or females, ranging from 6.5 mm -9.5 mm, with population size structure changing little month by month. Thus we cannot say that male size had any effects on spermathecal fullness that might result from the presence of larger males transferring larger ejaculates (see Fig. 3 ). The operational sex ratio (mature males/mature female) averages 0.3 in spring-summer (Nov-Feb), but in autumn-winter (March-July) it is 0.8, almost 3 times higher. Therefore we have two competing explanations for seasonal changes in spermathecal fullness: length of the brood cycle and female abundance. At the moment we cannot say which (or both) of these explanations would suffice (see van den Brink, 2006) . In terms of our model of spermathecal fullness, we argue that mean EJ (ejaculate volume) does not change with season and we assume that mean SP (fertilization volume) is also constant, so this leaves NC (number of copulations) and NB (# of broods) as the major variables that change seasonally. More elaborate experiments are obviously needed to test our model.
Sperm Supply
DISCUSSION
Sperm storage allows females to produce fertilized broods even if they do not encounter a male during the inter-brood period prior to oviposition (Hartnoll, 1985) . Because sperm are stored near the oviduct fertilization in crabs is internal. From visual estimates, female H. cookii could fill their spermathecae to 100% after three or four copulations, but only used approximately 15% of the ejaculate of a single male to fertilize one brood. Paul (1984) reported that wastage of sperm cells during fertilization is common in majids. Female Chionoecetes opilio used approximately 19% of the sperm cells in the spermathecae to fertilize a single brood and would not oviposit eggs with a sperm cell to oocyte ratio of less than ; 7:1 (Sainte- Marie and Lovrich, 1994) . Hybrid females of the freshwater hymenosomatids, Amarinus lacustris (Chilton, 1882) and A. paralacustris (Lucas, 1970) produced 15 egg masses (of declining fertility) without further impregnation after one post-puberty impregnation (Lucas, 1980) . With full spermathecae, a female H. cookii could potentially fertilize about 6 broods, without re-mating, before sperm ran out, assuming that the entire contents of the spermathecae was useable.
H. cookii females that had mated with a sterile then healthy male produced a normal sized, fertilized brood initially, but in their second and third broods the eggs were lost leaving only some fertilized eggs attached to the pleopods. This indicates that there is some, albeit small, degree of sperm mixing in H. cookii. For the first brood, H. cookii appears to show little sperm mixing. For the second and third broods, however, females that had mated with a healthy then a sterile male seemed to show a small degree of sperm mixing as females that laid a normal to small sized brood lost all but a few eggs which remained attached to the pleopods and developed, indicating they were fertilized by healthy sperm.
The time required for sperm to mix inside the spermathecae may also be a factor resulting in mixed paternity of the second and third broods. Females generally laid their first brood after mating within 24 hours, while their second brood was laid an entire incubation period after the female's copulation. Therefore during the incubation of the first brood, the sperm in the spermathecae may have had time to mix leading to the observed mixed paternity in the second brood. From this study, the occurrence of sperm mixing in H. cookii can be established, but the degree of sperm mixing and the exact proportion of paternity is still uncertain. Unlike most other crabs, hymenosomatids have very soft flexible exoskeletons (due to the low level of calcification) so the shape of the walls of the spermathecae could be changed by the female, thereby causing sperm mixing. Jensen et al. (1996) suggest that in Cancer magister movements of the second walking leg (adjacent to the spermathecae) could cause sperm mixing, although this crab is not likely to be storing the sperm of as many males as H. cookii. Koga et al. (1993) used sterilized male Scopimera globosa to investigate sperm precedence and to estimate the proportion of each female's brood fertilized by the last male to mate. Females were introduced into the burrows of irradiated and control males and they found that 87% of the eggs were fertilized by normal male sperm when they were the last male to mate (Irradiated-Normal, I-N), while 100% were fertilized by treated males when they were the last to mate (N-I). Overall the last male to mate fertilized an average 94.1% of eggs extruded by females in the burrows, which is significantly more than the expected 50% if sperm of the last two males were thoroughly mixed. Thus capturing females, sealing them inside their burrow and mating underground, ensured a high level of paternity. Apparently, no correction was made for possible loss of eggs from the pleopods (as seen in H. cookii), which could have been much higher for those eggs fertilized by irradiated male sperm. For example the brood size carried by females whose last mate had been irradiated (N-I) was only 63.2 % of the control (N-N) and when the irradiated male was penultimate (I-N) the brood size was 91.4% of the control. Thus it may well be that some fertilized eggs were lost when irradiated sperm was involved, and therefore the degree of sperm mixing was underestimated in this experiment.
Similarly in the freshwater crayfish Orconectes rusticus, which stores sperm in an annulus ventralis (an external spermatheca), for a long period prior to egg extrusion and fertilization, use of the sterile male technique showed that the last male to mate fertilized 92% of the eggs although there was a wide range of success, especially for I-N mating (Snedden, 1990) . Brood sizes were about the same for all females and only the percentage of fertility varied between broods. This result is surprising because fertilization is external, which should result in substantial mixing of sperm from multiple males. Eggs and sperm meet in the glair chamber, formed beneath the abdomen prior to fertilization, so that it might be expected that last male paternity would be much smaller, perhaps even the same as earlier mates. But the fertilization process in decapod Crustacea in general is poorly understood; in particular the signal from the eggs that causes spermatophores to burst open and release sperm is unknown. In O. rusticus, it may be that the spermatophores from earlier mates were not equally sensitive to the dehiscence stimulus. Dunnington (1999) investigated sperm layering within the spermathecae in H. innominatus through histological analysis, but the evidence was inconclusive. Although dense sperm packets could be seen the layers were not obviously separated, and sperm mixing may have occurred. Separate layers of ejaculates can form within the spermatheca in species where males inject spermatophores surrounded by seminal plasma that hardens after transfer into the female's spermatheca, such as the spider crab, Inachus phalangium (Diesel, 1988 (Diesel, , 1990 (Diesel, , 1991 and the snow crab, Chionoecetes opilio (Sainte-Marie and Sainte-Marie, 1999). In such species, the sperm that fertilizes the eggs are likely to come almost exclusively from one male. However, in C. opilio, there is evidence for multiple paternity of broods when several ejaculates co-occur close to the oviduct opening (Sainte-Marie et al., 2000) .
In H. cookii there was a positive correlation between the amount of ejaculate transferred to the female and male size. However, when females were given the choice between mating with a male larger than or smaller than themselves, they did not show any preference (van den Brink, 2006) . Even although both females and males have a terminal moult, there is still a range of different-sized mature crabs in the population because the pubertal moult can occur over a range of pre-pubertal sizes (McLay and van den Brink, submitted). Female choice has yet to be convincingly demonstrated in brachyurans. In many crustaceans males tend to be larger than females, suggesting that there is selection for larger male size, which leads to sexual dimorphism. The selective force behind larger male size is likely to be primarily male-male competition, of which the transfer of more sperm is likely to be included. By transferring more sperm, a male is indirectly competing with rivals by increasing his potential to fertilize more eggs. Larger male Gammarus pulex (Linnaeus, 1758) were more successful at mating than smaller males (Bollache and Cezilly, 2004) . Similarly, large male fiddler crabs, Uca paradussumieri Bott, 1973 , had greater success in mating and longer copulation times than smaller males, suggesting more sperm was transferred, than by their smaller counterparts (Jaroensutasinee and Jaroensutasinee, 2003) . After mating with larger male spiny lobsters, Jasus edwardsii (Hutton, 1875) , females produced significantly larger broods than after mating with smaller males (MacDiarmid and Butler, 1999) .
Our model of spermathecal fullness in H. cookii only included number of copulations and the number of broods as the major variables and assumed that ejaculate volume and fertilization volume remained constant. This is only a first approximation of what is going on and other factors are likely to be important. Future experiments on sperm transfer need to control for both male and female size, space available in the spermathecae and stage of brood development. Larger females produce larger broods and so must use more sperm/brood. Males may transfer more sperm when a female is closer to fertilizing a new brood, thereby diluting the sperm of other males.
The reproductive characteristics of H. cookii are typical of the Hymenosomatidae (Lucas, 1980) . Characteristic of brachyurans, sperm storage in H. cookii allows females to produce multiple fertilized broods without re-mating, thus ensuring a high reproductive output. Sperm mixing inside the spermathecae appears to occur to some degree indicating that sperm competition occurs in this species. However, the last male H. cookii to mate achieves the greatest paternity so we would expect males to show post-copulatory guarding if the female is close to releasing her previous brood. This prediction is tested and the mating behaviour of this species is described by van den Brink and McLay (in prep.) .
